Oaks (Quercus L.) have long been suspected to hybridize in nature, and widespread genetic exchange between morphologically defined species is well documented in two-to six-species systems, but the phylogenetic consequences of hybridization in oaks have never been demonstrated in a phylogenetically diverse sample. Here, we present phylogenomic analyses of a ca 30 Myr clade that strongly support morphologically defined species and the resolution of novel clades of white oaks; however, historical hybridization across clade boundaries is detectable and, undiagnosed, would obscure the imprint of biogeographic history in the phylogeny. Phylogenetic estimation from restriction-site-associated DNA sequencing data for 156 individuals representing 81 species supports two successive intercontinental disjunctions of white oaks: an early vicariance between the Eurasian and American white oaks, and a second, independent radiation represented by two relictual species. A suite of subsampled and partitioned analyses, however, supports a more recent divergence of the Eurasian white oaks from within the American white oaks and suggests that historic introgression between the Eurasian white oaks and a now-relictual lineage biases concatenated phylogenetic estimates. We demonstrate how divergence and reticulation both influence our understanding of the timing and nature of diversification and global colonization in these ecologically and economically important taxa.
Introduction
Phylogenetic analyses reconstruct the history of lineage divergence and diversification that undergirds all of biodiversity. But phylogeny is very difficult to infer accurately in the face of hybridization between diverged lineages, which is widespread and deteriorates the underlying phylogenetic signal recorded in the history of population divergence [1 -4] . Hybridization has generally been studied among populations of extant species. While there has been some effort at disentangling true contemporary gene flow from the ghosts of ancient introgression among internal branches of the tree of life [5] [6] [7] [8] [9] , most contemporary studies focus on the tips of the tree. Teasing apart the history of ancient hybridization from the primary cladogenetic patterns of the tree of life will be important to our understanding of the evolution of biodiversity.
Oaks (genus Quercus L.) are dominant, diverse angiosperm trees and shrubs of temperate to subtropical forests and savannahs across the Northern Hemisphere [10] . Oaks are notorious for hybridization and introgression [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . While hybridization is possible among distantly related oak species [23] [24] [25] , the only clear-cut demonstrations of hybridization at internal nodes of the oak phylogeny are in a very recently derived clade (Virentes, approx. 11 Myr [6, 26] ) and a chloroplast capture event documented between the white oaks and the golden oaks [23] . Yet the approximately 255 recognized species in the American oak clade [23, 27, 28] are apportioned among three sections that each exhibit relatively free intrasectional hybridization: Protobalanus (golden oaks), Lobatae (red oaks) and Quercus (white oaks). Incomplete reproductive isolation appears to be a relatively old feature in oaks, and we would thus expect to find ample evidence of ancient hybridization among internal branches in the genus, especially within sections.
Hybridization among the white oaks of section Quercus is particularly well studied from a morphological and molecular standpoint [11, 21, [29] [30] [31] [32] . The group has, in fact, been the jumping-off point for several key theoretical papers on the nature of species in the face of rampant hybridization [13, 33, 34] . The white oaks are taxonomically and ecologically diverse, with the bulk of species present in North America and approximately 25 species in Eurasia ( [35] ; figure 1). White oak species have been traditionally placed into groups diagnosed by geographical and morphological characteristics [36, 37] . Though the monophyly of the Virentes group [38] is strongly supported genetically [6, 26] , molecular support for relationships among the remaining white oak species has been inconclusive, and consequently, it has not been possible to evaluate fine-scale biogeographic hypotheses or morphological alliances within the section. Even the coarse phylogenetic structure among white oaks has been elusive: using eight nuclear genes, for example, the monophyly of the Eurasian species (Roburoids) was not recovered [27] , despite the significant geographical barrier to gene flow with American species. Further, one Roburoid, Quercus pontica, endemic to the Caucasus mountains in western Asia, appears to be a genetically distinct lineage related to Quercus sadleriana [35] , which is endemic to California and Oregon in North America; however, this relationship was not supported in subsequent molecular studies [27] . These conflicts are potentially related to historical interactions among species, e.g. hybridization between migrant white oak lineages and relictual populations of distantly related oaks. The need for large numbers of loci has been a barrier to investigating such phylogenetic hypotheses in oaks [23, 27, 35, 39] .
In this study, we use restriction-site-associated DNA sequencing (RADseq) [39, 40] to generate more than 2 million bp of aligned sequence data for the white oaks, Quercus section Quercus. Our phylogeny builds off previous but either more sparse [41] or more narrow [6, 42] oak RADseq studies to produce by far the most densely sampled, well-resolved phylogeny for any major oak clade. The legacy of hybridization studies in the clade, combined with its rich biogeographic and taxonomic structure, afford the opportunity to study hybridization and evolutionary dynamics at a wide range of phylogenetic depths. We focus in particular on the monophyly and placement of the Eurasian white oaks in the context of Holarctic diversity. We analyse phylogenomic data drawn from the broadest sampling of white oaks to date to: (i) estimate relationships within and among species of the white oak clade throughout their distribution, and (ii) assess evidence of recent and historical hybridization among lineages using tree-based approaches developed to accommodate the nature of RADseq datasets.
Results
Data collection, sequencing and clustering methods and results can be found in the electronic supplementary material. Maximum-likelihood (ML) analyses of the total evidence rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20170300 matrix (minimum four individuals per locus) resulted in a highly supported phylogenetic estimate (figure 1). For the 33 species sampled from more than one population, 25 were found to be monophyletic; we discuss below and in the electronic supplementary material some of the specific cases in which the samples did not meet this expectation. More broadly, the analysis recovered strongly supported alliances among species of oaks, some of which had been previously hypothesized [36, 37] but to date had not been supported by phylogenetic analysis. The white oaks were subdivided into eight monophyletic alliances, six exclusive to the Americas, one Eurasian and one clade represented by Q. pontica (endemic to the Caucasus Mountains, western Asia) and Q. sadleriana (endemic to California and Oregon, North America). Garden-borne specimens of these species were supported as monophyletic with wild-collected samples. The clade-level topology of the singular value decomposition (SVD) quartet species tree estimation was largely concordant with the concatenated estimation (figure 1), with one strongly bootstrap-supported exception: Roburoids were found to be sister to Albae (Quercus alba, Quercus michauxii, Quercus montana), nested within the New World derived (NWD) white oaks.
A comparison of all loci to available chloroplast genomic data detected 39 loci (3224 sites) across 129 individuals (avg. locus shared among approx. 9.6 individuals) that were of putative chloroplast origin. Phylogenetic analyses of the chloroplast matrix, which contained 51 parsimony informative sites, yielded a poorly supported estimate (electronic supplementary material) whose topology was largely inconsistent with both the total evidence estimate and previously hypothesized relationships among oaks. Analysis of the remaining data resulted in a tree indistinguishable from the total evidence estimate (electronic supplementary material). An in silico digestion of two Quercus (Quercus aliena (Roburoid) and Quercus spinosa (Ilex group); NC_026907.1) chloroplast genomes yielded 13 and 14 PstI restriction sites, thus a poorly resolved phylogenetic estimate based on chloroplast data alone is unsurprising, given the sparse representation of the plastid genome in our dataset.
(a) Ranking individuals by summed evolutionary distance over loci
While rank of relatedness for many samples was consistent with our expectations (electronic supplementary material), there were several examples in which we concluded that individuals were of recent or historical hybrid origin. Most striking were the consistent, aberrant ranks of relatedness observed in both wild-collected and garden-borne individuals Q. pontica (figure 2). Though consistently and robustly recovered as sister taxa, Q. sadleriana and Q. pontica show markedly different secondary phylogenetic signal. In ranking relatedness, Q. pontica exhibits a strong association with Roburoids (p , 0.002), whereas any signal of introgression between Roburoids and Q. sadleriana is less than expected by chance when incomplete lineage sorting (ILS) is present ( p ¼ 0.977). These results, along with the inconsistency in the placement of the Roburoids across analyses, lead us to further evaluate the relationships of Ponticae and the Roburoids to each other and to other clades represented in the tree. While the former two results warrant further scrutiny, we devote our attention here to the latter conundrum, which we consider the most compelling and most able to be addressed with the present dataset.
(b) Targeted exclusion sets
When Q. pontica samples were excluded from the data matrix, estimated topologies exhibited no topological change of the remaining samples; when Q. sadleriana was also removed, the Roburoids shifted to a position sister to the Dumosae, nested within section Quercus (figure 3b). Finally, when all loci shared between Roburoids and Ponticae were excluded, the Roburoids shifted to a sister relationship with Albae (Q. alba, Q. michauxii, Q. montana; figure 3c ).
(c) Exclusion of loci that support the primary (concatenation) topology
We employed likelihood-based reverse successive weighting to search for any potential secondary phylogenetic signal that conflicted with the monophyly of the NWD white oaks and Ponticae (figure 3d,e). For the first test, of the 93 k loci in the dataset, 45 k were shared by taxa that were sufficient to be informative on this relationship. Comparison of constrained and unconstrained likelihood scores resulted in 16 k loci for which likelihoods were lower when constrained for NWD monophyly. The resulting concatenated analysis supported (100 bootstrap support (b.s.)) a sister relationship between Roburoid and Albae subclades (electronic supplementary material). Concatenated analyses of both the total filtered subsample and of just loci that supported the constrained relationship yielded topologies whose subclade relationships were equivalent to the total evidence estimate (electronic supplementary material retained its topological position relative to the total evidence tree.
Discussion
In this study, we use genome-scale phylogenetic data and novel analytical approaches to reconstruct the branching structure of oak evolutionary history and diagnose ancient hybridization events between species that are no longer sympatric against the backdrop of that phylogeny. We demonstrate that our observed pattern of discordance among estimated gene trees is incompatible with simulations under ILS alone, and that phylogenetic history can be distinguished from gene flow history, even across broad phylogenetic scales. The results of both classical and novel approaches applied here provide a robust view of the evolutionary history of the white oaks of genus Quercus, demonstrating that: (i) the phylogeny is recoverable even in the face of local hybridization among recently diverged lineages, and (ii) old hybridization events may be teased out to recover the history of species divergence.
Where oak species occur in sympatry or as part of broadly overlapping ranges in our study, their populations generally remain cohesive, forming distinct clades of morphologically and ecologically defined species. Phylogenomic analyses suggest a primarily divergent evolutionary history for the American white oaks, despite previous observations of hybridization in nature, crossing data and surveys of organellar and smaller suites of nuclear markers [11, 20, 22, 42] . Indeed, we find limited [33, 34] , is particularly noteworthy, as suspected participants form at least four well-resolved clades (Virentes, Stellatae, Prinoideae, Albae; figure 1; see the electronic supplementary material), with well-defined species within each one: 8 of 11 of the species of this putative syngameon for which more than a single individual was sampled were monophyletic (with notable exceptions discussed below and in the electronic supplementary material). Across all samples, nearly 80% of species we sampled for more than one individual were monophyletic, and many of those that were not could be attributed to limited sampling of diversity and weak understanding of the taxonomy, particularly among Mexican taxa. Our phylogenetic analysis of an unprecedented level of genomic information for this genus demonstrates that while widespread hybridization has not overwhelmed the primary signal of divergence in oaks, historical introgressive hybridization has imprinted primary and secondary phylogenetic signals on a few deep branches of the major clades of white oaks.
Our results unambiguously support eight clades within section Quercus, including two Holarctic disjunctions from North America to Eurasia. The sister group relationship of two narrow endemics, one from the Siskiyou and Klamath Mountains of western North America (Q. sadleriana), and the other from the Caucasus Mountains (Q. pontica), forms the earliest branch of the white oaks. Undoubtedly, the Ponticae are relicts of a once more widespread species group, though to the knowledge of the authors, there is a lack of macrofossil evidence that can be definitively attributed to such a group. These two species previously had been considered related, but were placed within section Quercus. The Ponticae are quite similar in their shallowly lobed, chestnut-like leaves and shrubby, rhizomatous habit. Qualitatively, both species occupy similar latitudes and ecological zones that broadly overlap in the mean values of 19 climatic variables (http://www.worldclim.org/bioclim), despite being longitudinally separated by 1658. There is historical evidence that both species occasionally hybridize with sympatric white oak species (Q. pontica with Q. robur [32] ; Q. sadleriana with Q. garryana [43] ), though heterozygosity values for the individuals we sampled of these species do not suggest recent hybridization (electronic supplementary material).
The placement of the Virentes, a small group of seven American species distributed in southeastern North and Central America, as sister to the main radiation of white oaks supports a previous analysis using RADseq data based on limited taxon sampling [41] . The resolution of Ponticae and Virentes as early-branching lineages strongly suggests that the biogeographic origins of section Quercus are to be found in the New World. The contrasts between the clades Protobalanus, Ponticae and Virentes and the main radiation of white oaks are striking in several ways. These early-branching lineages are species-poor, restricted in distribution and mostly evergreen. The main clade includes 95% of the worldwide white oak species diversity and broadest distribution of all forest trees in the Northern Hemisphere, perhaps owing to the evolution of deciduousness and other traits associated with a range of continental climates.
The most striking case of historical introgression is our inference of ancient secondary contact between the ancestors of the Q. pontica and Roburoid lineages. Although the ranges of these two groups barely overlap today, the genomic signature of introgression is unambiguous and detectable in Roburoid samples from throughout Eurasia. Anecdotal evidence suggests that hybridization between these groups still occurs today in narrow zones of range overlap, but our data suggest that hybridization occurred as the two lineages made historical contact, either locally, followed by range expansion of the Roburoids, or perhaps in a broader zone before the decline and eventual restriction of Eurasian Ponticae.
The discovery of the two Holarctic radiations of white oaks by inclusion of the Ponticae samples and broader locus sampling in the analyses coincided with a topological shift in phylogenetic estimates in which the Roburoid clade moved from a sister relationship to Albae to a lineage representing the sister to all NWD white oaks ( figure 1) . Initially, this rearrangement of subclades was not surprising, given the expectations of improving taxon and gene sampling [44] [45] [46] , and the fact that the new placement of Roburoids was well supported (100/100 ML bootstrap replicates), agreed with a recent study using amplified fragment length polymorphism markers [47] , and presented a plausible, and perhaps more parsimonious, biogeographic scenario of colonization: an Old World-New World vicariance following a southward-expanding Holarctic radiation. However, this scenario is at odds with palynological data: pollen records unequivocally identify the first appearance of white oaks in Iceland by the Late Miocene, and there appears to be limited evidence of macrofossils assignable to this group in older sediments throughout Eurasia [48] (but see [49] for fossils that suggest an earlier, perhaps distinct lineage of white oaks present in East Asia). Recent episodic migration from North America to Europe across the North Atlantic Land Bridge has been invoked to explain the modest diversification of approximately 25 deciduous species in Eurasia (e.g. [50] [51] [52] ). Previous treatments of Roburoid oaks suggested affinities to North American species based on chestnut-like leaves and other morphological similarities resolved here in the Prinoideae and Albae clades. However, a recent analysis using RADseq data on a smaller taxon sample supported the placement of Q. robur as sister to Q. alba and other eastern North American oaks. These contrasting phylogenetic hypotheses bear directly on the biogeographic question of whether the Roburoids migrated to Eurasia before or after the diversification of the New World white oaks. Thus, based on the results of the analyses performed here and previous work, we interpret the position of Roburoids in the total evidence estimate as erroneous, an island intermediate in tree space between the conflicting signals of primary divergence of Roburoids from the ancestors of the Albae lineage and introgression following contact with Q. pontica ancestors in the Old World. Additionally, despite little evidence in the concatenated analysis for the purported syngameon among Eastern North American white oaks, the observed phylogenetic position of Roburoids outside of these species, which we argue is artefactual, may also be strengthened by occasional hybridization among species of Albae, Prinoideae and Stellatae. This would have the effect of further decreasing phylogenetic signal for the sister group relationship between the Roburoids and Albae.
Conclusion
Contrary to past predictions, phylogenetic analysis of RADseq sampling across numerous and diverse populations suggests rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20170300 that oaks maintain a sufficient genetic signal of primary divergence to confirm species identity and to infer their higher-order assemblages. We recover eight strongly supported clades that are largely consistent with the morphological and biogeographic evidence previously employed to diagnose diversity among oak species. Despite this, historical introgression across these clades, particularly between the Ponticae and Roburoids, has profoundly impacted our ability to reconstruct the deeper phylogeny of the white oaks. The strong support given by concatenated analysis for the sister position of the Roburoids to the NWD oaks appears to result from a shared phylogenetic signal that attracts the Roburoid branch to Ponticae. Subsequent analyses designed to isolate the signal of hybridization show various nested positions for the Roburoids within American white oaks. These results are more consistent with the hypothesis of a recent origin and movement of the Roburoids across the North Atlantic Land Bridge on the basis of fossil pollen in Western Europe. Our novel approach to analysis of RADseq data provides future studies with a framework for assessing sources of discordance in cases where methods designed for smaller, more complete datasets may not be reasonably applied.
Material and methods (a) Phylogeny estimation
We obtained maximum-likelihood phylogenetic estimates using the general time reversible model of nucleotide substitution with a fixed number of rate categories (GTRCAT) implemented in RAXML 8 [53] . For the full dataset and each pseudoreplicate (described below), we performed 100 non-parametric bootstrap replicates. These methods were repeated on subsamples of the data containing only data of putative chloroplast origin.
(b) Species tree estimation
Because concatenated phylogenetic analysis does not incorporate coalescent stochasticity into the model of evolution, we estimated a species tree using the SVD quartets [54] method implemented in PAUP 4a150 [55] , interrogating all possible quartets and assessing support with 100 non-parametric bootstrap replicates. Under the species tree model, this method uses matrix algebra to determine the most likely topology under the coalescent model for quartets of samples representing four taxa. Species trees are then generated via combining quartets following a modified quartet Fiduccia-Mattheyses method in PAUP [56] ; of the currently available methods that can accommodate large datasets, we deemed this a more appropriate method for our 100 bp RADseq loci, each of which could only possibly resolve a very small number of phylogenetic nodes, than those that rely on summary statistics of gene trees as input owing to the poor resolution among gene tree estimates in our dataset. The size of our RADseq data matrix and the amount of missing data preclude the use of more parameter-rich, coalescent-model-based species tree methods.
(c) Investigating secondary phylogenetic signal
Conflicting topologies between concatenated phylogenetic estimates and species tree estimates may be owing to the overwhelming presence of ILS among loci. However, coalescentbased estimators generally do not accommodate hybridization and in fact may recover misleading phylogenies in the presence of unmodelled gene flow [57] . Methods that do incorporate gene flow [58] [59] [60] are currently computationally intractable at the scale of this study. Because we observed topological discordance between the concatenated and coalescent species tree estimates (see Results), we conducted downstream analyses designed to rule out ILS as the sole cause of this conflict. This is also warranted, given our a priori understanding of hybridization among oak species. We filtered loci in three different ways-through ranking of all individuals by evolutionary distances to a target individual, summed over loci; targeted exclusion of individuals and loci associated with Q. pontica and Q. sadleriana; and exclusion of loci that support the primary topology, a reverse successive weighting approach implemented in a likelihood framework-to test the hypothesis that this topological incongruence is owing to a history of hybridization between the Roburoids and either the European member of the Q. pontica/Q. sadleriana species pair or their common ancestor. See the electronic supplementary material for detailed description of each method.
(d) Ranking individuals by summed evolutionary distance over loci
The observed topology in a multi-locus concatenated phylogenetic estimate may reflect the primary bifurcating process or a combination of conflicting signals representing different processes (e.g. ILS, introgression). Sufficient conflict may obscure the primary signal, and resulting estimates may be both biased and statistically supported, particularly when large datasets are used [61] . To approach this problem, we examined the initial concatenated phylogenetic estimate to assess species monophyly. Individuals whose placement was inconsistent with existing taxonomy were further scrutinized on a locus-by-locus basis to search for the presence of secondary phylogenetic signal. Using custom perl scripts [62] , we generated a nexus file for each locus in the data matrix from the '.loci' output file generated by PyRAD. We then used PAUP* [55, 63] to estimate a pairwise distance matrix corrected using the Hasegawa-Kishino-Yano (HKY) [64] model of nucleotide substitution for each locus. We chose HKY in favour of a more parameter-rich model, given the low per-locus information in our dataset. For each sample in the matrix, we filtered the pairwise distances for each locus to identify the individual/s that had the shortest pairwise distance from the target sample. These putative 'closest relatives' were awarded the minimum evolution (ME) score of the corresponding neighbour-joining tree for that locus; this score serves to down-weight uninformative loci in which numerous individuals share the shortest pairwise distance to the target. Only closest relatives received a score greater than 0 for a given locus. Scores for each individual were summed across all loci, then scaled by the number of loci shared with the target sample. Finally, individuals were ranked according to the scaled score, with the expectation that the ranking of each individual should correspond its position in the total evidence tree relative to the target sample. We expect, for example, that the highest ranking samples in any plot will be conspecific, followed by subclade members. We further expect that individuals will be distributed more or less randomly within strata in these ranks, where each stratum decreases in average summed ME score relative to the target individual within increasing phylogenetic distance from the target individual. Violation of this expectation is evidence of a secondary phylogenetic signal in placement of the aberrant sample that is at odds with the primary phylogenetic signal recovered in the total evidence (concatenation) tree.
To validate these expectations and to verify that aberrant observations could not be because of ILS alone, we performed a Monte Carlo-based parametric bootstrap to compare our rankings to a simulated distribution of rankings. Using MESQUITE v. 3.10 [65] , we simulated 1 Â 10 6 coalescent gene trees on the total evidence estimate, with branch lengths scaled such that simulated gene trees would be 2.5N generations in length on average. We then used Seq-Gen [66] to simulate 85 bp DNA sequence data onto each simulated gene tree under the HKY model of sequence rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20170300 evolution and drawing from a uniform random distribution of tree length (0.001 -0.020) to approximate the observed substitution rate. To simulate the non-random pattern of locus sharing among samples, taxon sets for each simulated locus were randomly drawn from an array of the taxon sets of the empirical dataset. This process was repeated 500 times with the same 1 Â 10 6 trees, but with randomized taxon sampling and substitution rate. These simulated replicates were then analysed via the rank of relatedness estimation method described above. The population of the test distribution was dependent on the targeted hypothesis; for example, when testing the hypothesis that Roburoid samples were more highly ranked (i.e. were sister to the targeted taxon more often) relatives of the Q. pontica samples, the observed ranking and each simulated ranking was converted into a binary number, where Roburoids samples were assigned a '1' and all other samples a '0'; binary numbers were converted to decimal values. The p-value in this case would be the proportion of the simulated distribution values that were greater than the test statistic.
Data accessibility. Raw sequence data in the fastq format are available on the GenBank Sequence Read Archive (SRA), projects PRJNA376740 and PRJNA277574. Data formatted for RAxML and PAUP analyses is available in Dryad data repository http://dx.doi.org/10.5061/ dryad.q5tm5 [67] . Additional methods and results are available in electronic supplementary material.
